Backgroud: Diabetic nephropathy is one of the most frequent causes of end-stage renal disease and is associated with proliferation of glomerular mesangial cells (MCs) and excessive production of the extracellular matrix (ECM). Several studies have shown that early growth response factor 1 (Egr1) plays a key role in renal fibrosis by regulating the expression of genes encoding ECM components. However, whether Egr1 also contributes to diabetic nephropathy is unclear. Methods: In the present study, we compared the expression of Egr1 in kidneys from OLETF rats with spontaneous type 2 diabetes and healthy LETO rats. We also examined whether high glucose and TGF-β1 signaling up-regulated Egr1 expression in cultured MCs, and whether Egr1 expression influenced MC proliferation and expression of ECM genes. Results: We found that higher expression of Egr1 and TGF-β1, at both the mRNA and protein levels, the kidneys from OLETF rats vs. LETO rats. High glucose or TGF-β1 signaling rapidly up-regulated expression of Egr1 mRNA and protein in cultured MCs. Overexpressing Egr1 in MCs by transfection with M61-Egr1 plasmid or treatment with high glucose up-regulated expression of fibronectin, type IV collagen and TGF-β1, and promoted MC proliferation. Conversely, siRNA-mediated silencing of Egr1 expression down-regulated these genes and inhibited MC proliferation. Chromatin immunoprecipitation (ChIP) assays revealed that Egr1 bound to the TGF-β1 promoter. Conclusion: Our results provide strong evidence that Egr1 contributes to diabetic nephropathy by enhancing MC proliferation and ECM production, in part by interacting with TGF-β1.
Introduction
Diabetic nephropathy is one of the most frequent causes of end-stage renal disease. Its causes are still unclear, which may include genetic factors, disorders of glucose/ lipid metabolism, glomerular hemodynamic changes and abnormal cytokine expression. These factors promote mesangial cell (MC) proliferation, mesangial matrix expansion and glomerular basement membrane thickening, eventually leading to glomerular sclerosis and renal tubule fibrosis.
Early growth response factor 1 (Egr1) is a zinc-finger transcription factor widely expressed in eukaryotic cells from yeast to humans [1] . It is expressed in various cell types in the kidney, including glomerular MCs, endothelial cells, renal tubular fibroblasts and epithelial cells [2] . Renal fibrosis has been linked to changes in the expression of Egr1 [3, 4] . Egr1 expression was up-regulated in a mouse model for DOCA/high salt-induced fibrotic kidney, while down-regulation of the Ankrd1-Egr1 axis may protect kidney from fibrogenesis in aged PAI-1 knockout mice. Mechanisms whereby Egr1 contributes to renal fibrosis may include promotion of MC proliferation [5, 6] and the synthesis of the extracellular matrix (ECM) [3] , and up-regulation of transforming growth factor-β (TGF-β) [7, 8] .
These mechanisms, if they occur, may also contribute to diabetic nephropathy, and yet studies on the role of Egr1 in diabetic nephropathy have largely focused on vascular dysfunction [9] , glomerular basement membrane change [10] and podocyte injury [11] . Therefore, we performed the present study to examine whether and how Egr1 contributed to renal fibrosis in diabetic nephropathy. In the in vivo experiments, we compared the expression of Egr1 and TGF-β1 in the kidneys of rats with spontaneous type 2 diabetes (DM rats) vs. healthy rats (NDM rats). In the in vitro experiments, we examined the expression of Egr1 in rat MC cultures upon exposure to high glucose concentration, recombinant human TGF-β1, or TGF-β1 inhibitor SB-431542. In some experiments, overexpressing Egr1 or silencing Egr1 in MCs with transfection, we detected MC proliferation, biosynthesis of fibronectin and type IV collagen and TGF-β1 expression. The results suggest that Egr1, in part by interacting with TGF-β1, promotes high glucose-induced MC proliferation and ECM synthesis, implicating it as a key driver of pathological changes in diabetic nephropathy.
Material and Methods

Animals
OLETF rats with spontaneous type 2 diabetes (DM; n = 3) and healthy LETO control rats (NDM; n = 3) were obtained from Otsuka Pharmaceutical, Tokyo, Japan [12] . Animals were housed in individual cages and fed with standard rat chow in a specific pathogen-free facility. Rats were sacrificed at 40 weeks of age. The study protocol was approved by the local institutional review board at the authors' affiliated institution and animal studies were conducted in conformity with the established institutional and state guidelines for the care and use of laboratory animals.
Real time RT-PCR
Renal tissues and MCs were lysed in Trigol (Dingguo, Beijing, China) and total cellular RNA was extracted. RNA quality was determined using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, USA). The RNA samples were reverse-transcribed using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Real-time quantitative PCR was carried out in a Roche 480 thermal cycler using 40 ng of cDNA, SYBR Select Master Mix (Invitrogen) and appropriate primers (Invitrogen) whose sequences are shown in Table 1 . The following cycling conditions were used: 50 °C for 2 min, then 95 °C for 2 min, and finally 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. The relative expression of each gene was calculated using the comparative 2 −ΔΔCt method, using β-actin as the reference.
Western blotting assays
Total protein was extracted from renal tissues and MCs using RIPA Lysis Buffer (Beyotime Institute of Biotechnology, Shanghai, China). Protein concentration was estimated using a BCA assay (Dingguo, Beijing, China). Equal amounts of proteins were fractionated by 10% or 15% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA, USA) and electro-transferred to polyvinylidene fluoride membranes (Merck Millipore, MA, USA). Membranes were blocked with Tris-buffered saline containing 0.1% Tween-20 (TBST) and 5% 
Cell proliferation (CCK-8) assay
MCs were seeded in 96-well flat-bottom plates at a density of 4×10 3 cells/well, and cultured at approximately 50% confluence in 1% FBS DMEM low glucose medium for 24 h for synchronization. Thereafter, cells were transfected for 4 h with siEgr1 or a scrambled control, and then treated with high glucose (30mmol/L) or low glucose (5.5mmol/L). Cultures were incubated for 12, 24 and 48 h, and 10 μL of CCK-8 solution (DojinDo) was added to each well. Cultures were incubated a further 1 h at 37 °C, and then the absorbance was read at 450 nm using an ELx800 microplate reader (Bio-tek).
Chromatin immunoprecipitation (ChIP)
Chromatin immunoprecipitation was performed using the EZ-ChIP Kit (Millipore). Briefly, MCs were cross-linked, chromatin was isolated, and genomic DNA was sheared by sonication into fragments of 200-600 bp. Cross-linked protein-DNA was immunoprecipitated overnight with 1 g of anti-Egr1 antibody (Santa Cruz Biotechnology) or control IgG. The immunoprecipitated ChIP product was washed, de-cross-linked, treated with proteinase K, and eluted to obtain ChIP-enriched DNA. PCR contained the ChIP-enriched DNA, primers (Sangon Biotech, Shanghai, China) to amplify Egr1 binding sites in the TGF-β1 promoter or a binding site in the promoter of the gene encoding platelet-derived growth factor (PDGF)-B [15] as a positive control (Table 2) , and the SYBR Premix Ex Taq II kit (Takara, Shiga, Japan). PCR products were analyzed on a 2% agarose gel.
Statistical analysis
Data were expressed as mean ± SD. Two-tailed Student's t test was used for pairwise comparisons of independent groups. One-way ANOVA was used to compare three or more independent groups, and Dunnett test or the least significant difference (LSD) test was used for multiple comparisons. Statistical calculations were performed using SPSS 13.0 (IBM, IL, USA), with p < 0.05 considered significant.
Results
In vivo correlation of renal fibrosis in diabetic nephropathy and elevated expression of Egr1 and TGF-β1
We compared the levels of Egr1 and TGF-β1 gene and protein expression in renal tissue from DM rats and NDM rats. We also examined tissues from both groups to search for Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry glomerular and renal tubular morphological changes. We examined renal tissue in rats aged 40 weeks as previous work showed that fasting blood glucose was significantly higher in DM rats than in NDM controls at this age [12] . PAS staining showed that the glomerular capillary basement membrane was thicker and the mesangial matrix was enlarged in DM rats compared to the control rats (Fig. 1A) . Masson staining revealed more extensive tubular interstitial collagen deposition in DM rats than in control rats (Fig. 1B) .
Immunohistochemistry showed much more abundant Egr1 in the kidneys of DM rats than in control rats (Fig. 1C) . The quantitative RT-PCR assays demonstrated 5-fold higher Egr1 mRNA transcript levels in the kidney of DM rats than the control rats (p < 0.05, Fig. 1E ). Consistently, Western blotting assays also showed a much higher level of Egr1 protein in DM rats (p < 0.01, Fig. 1F ).
Furthermore, immunohistochemistry ( Fig. 1D ) and quantitative RT-PCR assays ( Fig.  1G ) revealed that TGF-β1 expression was up-regulated in the kidney of DM rats compared to the NDM rats (p < 0.01), which was further confirmed by Western blotting assays (p < 0.05, Fig. 1H ). 
Egr1 expression induced by high glucose or TGF-β1 in MCs
Since chronic hyperglycemia in diabetics is thought to contribute to diabetic nephropathy, we tested whether exposing MC cultures to high glucose up-regulated Egr1 expression, which would provide indirect evidence that Egr1 contributes to the disease process. We chose MCs as the model because they can synthesize and release ECM components, including fibronectin, type IV collagen, perlecan, and laminin [16] . MC proliferation, ECM accumulation and glomerular basement membrane thickening play important roles in the pathogenesis of diabetic nephropathy.
MCs treated with high glucose (30mmol/L) for 24 h showed time-dependent upregulation of Egr1 expression. Egr1 mRNA transcript levels peaked at 30 min (8-fold higher than at baseline; p < 0.05), which returned towards the baseline at 2 hours ( Fig. 2A) . Western blotting assays of Egr1 protein revealed similar temporal patterns (Fig. 2B) . Upregulation of Egr1 upon treatment with recombinant TGF-β1 (20 ng/mL), at both the mRNA and protein levels, was similar to that induced by high glucose (Fig. 2C and D) .
To gain a more complete picture of the factors that may affect Egr1 expression in the context of diabetic nephropathy, we tested whether high glucose and TGF-β1 can synergistically affect Egr1 expression and whether hyperosmotic stress can also influence its expression. We treated MC cultures for 1 h with mannitol (24.5 mmol/L), high glucose (30 mmol/L), and/or TGF-β1 (20 ng/mL). We found, as before, that high glucose or TGF-β1 alone significantly up-regulated Egr1 protein expression (p < 0.05, Fig. 2E ). Treating cultures with both high glucose and TGF-β1 together also up-regulated Egr1, but to a similar extent as either treatment alone. Mannitol, for its part, did not significantly affect Egr1 expression (p > 0.05). TGF-β1 inhibitor SB-431542 (10 µmol/L) prevented the up-regulation of Egr1 protein induced by TGF-β1 or TGF-β1 plus high glucose in cultured MCs (Fig. 2F) .
Role of Egr1 in regulating expression of fibronectin, type IV collagen and TGF-β1 under normal conditions in MC cultures
Diabetic nephropathy is also associated with elevated type IV collagen in the urine [17] and increased secretion of fibronectin [18] , but whether Egr1 up-regulates the expression of fibronectin and type IV collagen in MCs has not been directly demonstrated. Transfection of cultured MCs with a plasmid encoding Egr1 (M61-Egr1) increased the expression of Egr1 ▲▲ P < 0.01 vs. the empty vector group; ◆◆ P < 0.01 vs. M61-Egr1 group. Levels of (D) fibronectin protein and (E) TGF-β1 protein are analyzed using Western blotting assays. Results are expressed as the ratio of fibronectin or TGF-β1 to β-actin. ELISA is used to assay the levels of (F) fibronectin and (G) type IV collagen secreted into the culture medium. All values are mean ± SD of three measurements. 
4A-C).
Co-transfecting MC cultures with siEgr1 attenuated the effects of M61-Egr1, as reflected by lower expression of Egr1 at both the mRNA and protein levels (p < 0.01, Fig. 3A and B) , as well as decreased fibronectin, type IV collagen and TGF-β1 mRNA (80%, 71% and 85% lower, respectively) relative to M61-Egr1 transfection alone (p < 0.01, Fig. 4A-C) . Similar results with fibronectin and TGF-β1 were observed at the protein level based on the results of Western blotting assays ( Fig. 4D and E) .
Similar to our quantitative RT-PCR results, transfection of cultured MCs with M61-Egr1 increased the secretion of fibronectin and type IV collagen (into the culture medium); cotransfection with siEgr1 decreased their secretion in comparison with M61-Egr1 transfection alone (p < 0.05, Fig. 4F and G) .
Role of Egr1 in promoting MC proliferation, ECM secretion and TGF-β1 synthesis under high-glucose conditions
Transfection with the scrambled sequence did not affect Egr1 expression in both high and low glucose conditions, consistent with our experiments above showing time-dependent up-regulation of Egr1 expression by high glucose. Transfection with siEgr1 was evidently effective in both glucose conditions, as reflected by decreased Egr1 expression at both the mRNA and protein levels (p < 0.05 or p < 0.01 vs. the scrambled sequence, Fig. 5A and B) .
In cultured MCs transfected with scrambled RNA, expression of fibronectin, type IV collagen and TGF-β1 was significantly higher under high-glucose conditions than under low-glucose conditions. Transfection with siEgr1 decreased the expression of fibronectin, type IV collagen and TGF-β1 in cultured MCs under the high-glucose condition (relative to scrambled sequence; Fig. 6A-E) . Similar results were obtained for secreted fibronectin and type IV collagen as measured by ELISA, though differences were not significant between siEgr1-transfected and scrambled RNA-transfected cells or between cells exposed to low or high glucose (Fig. 6F and G) .
Since high glucose [18] as well as Egr1 [5, 6] can promote MC proliferation, we hypothesized that Egr1 mediates high glucose-induced MC proliferation. To test this idea, we examined the effects of siEgr1 transfection on MC proliferation under high glucose conditions using the CCK-8 assays. Upon transfection with scrambled RNA, the proliferation of MCs was higher under high glucose conditions than under low glucose conditions by 11% at 12 h (p < 0.05), 13.5% at 24 h (p < 0.05) and 11% at 48 h (p < 0.01). Transfection with siEgr1 inhibited the proliferation of MCs, relative to scrambled RNA, under high glucose condition by 3.6% at 12 h (p > 0.05), 15% at 24 h (p < 0.05), and 6.2% at 48 h (p < 0.01, Fig. 6H) .
Next, MC cultures were incubated in low glucose (5.5mmol/L) or high glucose (30mmol/L) for 1 h, and then the ChIP assay was performed. High glucose increased Egr1 binding to the TGF-β1 promoter, but not to the PDGF-B promoter (Fig. 7, top) . No enrichment was observed since control IgG did not immunoprecipitate chromatin (Fig. 7, middle) .
Discussion
As the incidence of diabetes rises, so does the incidence of one of its most severe complications, diabetic nephropathy. This is the second most frequent cause of end-stage kidney disease, highlighting the need for better prevention and management. The nuclear transcription factor Egr1 is associated with renal fibrosis [3, 4] . In addition, Egr1 is associated with diabetic nephropathy [9] [10] [11] . The present study confirms and extends previous work by providing strong evidence that Egr1 contributes to diabetic nephropathy by promoting high glucose-induced MC proliferation and ECM synthesis, partially via the TGF-β1 signaling pathway.
Diabetes and a high glucose environment rapidly up-regulate Egr1 expression in glomerular endothelial cells [19] , human embryonic kidney cells 293 [10] , pancreatic beta cells [20] , aortic endothelial cells [21] and renal cortical fibroblasts [22] . We extend that literature to show a similarly rapid increase in MCs: during stimulation with 30 mmol/L glucose, the mRNA transcript levels of Egr1 peaked after 30 min, while protein expression peaked at 1 h, and these levels returned to baseline at 24 h. Together, our results and those of previous studies point to Egr1 as an early gene. We confirmed these in vitro results in kidney tissue from 40-week-old DM rats. This is consistent with a report by Gil et al. [10] that the level of Egr1 mRNA was noticeably higher in mice in which diabetes had been induced with STZ 10 weeks prior than in non-diabetic control mice.
MC proliferation is a key pathological feature in a number of common human renal diseases including glomerulonephritis and diabetic nephropathy. A number of factors have been shown to play a role in controlling MC proliferation, including signaling molecules (e.g. platelet-derived growth factor, Ras and Ca 2+ ), cell cycle proteins (e.g. cyclin D1) and transcription factors (E2F) [23] . Several in vitro and in vivo studies have shown that Egr1 stimulates MC proliferation in the context of glomerulonephritis [5, 6, 24] . We extend that literature by providing evidence for the same effect in MCs under high-glucose conditions, which mimics to some extent the context of diabetic nephropathy. The viability of MCs transfected with a control (scrambled) RNA and incubated under high-glucose conditions phase from G0. The result is cell proliferation that may play an important role in cell growth, differentiation and damage repair [25, 26] . On the other hand, Egr1 can also promote apoptosis by up-regulating p53 expression, by combining with the transcription factor c-Jun and by activating the PTEN gene [27] [28] [29] . Further studies are needed to understand whether and how these potentially opposing pathways occur or interact in diabetic nephropathy.
Several studies have shown that in various injury and disease contexts, Egr1 regulates expression of several genes related to ECM synthesis and degradation. Egr1 competes with specificity protein 1 (Sp1) to bind to the GC-rich motifs in the promoter of the gene encoding matrix metalloproteinase-14 (MMP-14), up-regulating its expression [30] . Egr1 also upregulates the expression of plasminogen activator inhibitor-1 (PAI-1) and fibronectin by acting through TGF-β [31] . Egr1 also promotes collagen synthesis, angiogenesis, and wound healing at dermal wounds in mice and rats [32] . The present work extends this literature by showing that, in the context of MCs under high-glucose conditions that mimic diabetic nephropathy, Egr1 up-regulates ECM synthesis and secretion. MCs transiently transfected with a plasmid overexpressing Egr1 expressed higher levels of fibronectin and type IV collagen and secreted more of these proteins in the culture medium than the control MCs. In cultures transfected with scrambled RNA, expression of fibronectin and type IV collagen was significantly higher under high-glucose conditions than under low-glucose conditions. We focused on fibronectin and type IV collagen because they are the major components of the ECM in the glomerular basement membrane. Transfecting cells with both M61-Egr1 and siEgr1 inhibited the up-regulation of fibronectin and type IV collagen.
TGF-β contributes to MC proliferation, ECM synthesis, renal tubular damage, and renal interstitial fibrosis in diabetic nephropathy [33, 34] . Studies have suggested that Egr1 regulates TGF-β expression by binding to two GC-rich binding sites in the promoter [7] . At the same time, TGF-β has been shown to induce Egr1 transcription through the classical Smad pathway in human skin fibroblasts [35] . We extend the literature by showing that, in the context of MCs under high-glucose conditions mimicking diabetic nephropathy, TGF-β1 rapidly induces a short-term increase in the levels of Egr1 mRNA and protein, which is inhibited by TGF-β1 inhibitor SB-431542. SB-431542 specifically inhibits the catalytic activity of the TGF-β1 receptor, preventing the phosphorylation of Smad and thereby blocking the classic TGF-β pathways [36] . At the same time, we show that Egr1 mediates high glucoseinduced TGF-β1 up-regulation; treating cells with siEgr1 inhibited this increase in TGF-β1. Our ChIP results provide direct evidence that Egr1 binds to the TGF-β1 promoter in MCs, and that high glucose promotes this binding.
While the present study extends the literature on Egr1 in contributing to diabetic nephropathy, it leaves many questions unanswered about how exactly the transcription factor transduces the effects of high glucose into ECM synthesis. Previous work suggests that mitogen-activated protein kinases (MAPKs) and protein kinase C (PKC) are upstream activators of Egr1. MAPK mediates Egr1 expression in response to growth factors and stress [37] , while PKC up-regulates Egr1 in response to hypoxia, ischemia and atherosclerosis [9] . In glomerular endothelial cells, insulin and glucose can up-regulate the levels of Egr1 mRNA and protein [19] , with insulin apparently acting through the extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathway, while glucose acts through the PKC pathway. These results suggest that the upstream regulators of Egr1 may depend on cell type and conditions of stress or stimulation. Studies further suggest that the same stress or stimulation can stimulate multiple pathways that together regulate Egr1. Vascular endothelial growth factor [38] . Indeed, the PKC and MAPK signaling pathways interact in regulating endothelial cell response to hypoxia [39] . The present study opens the door to investigating these complex questions of upstream regulation of Egr1 and its mechanism of action in diabetic nephropathy. In summary, we combine in vitro and in vivo approaches to provide strong evidence that the transcription factor Egr1 promotes high glucose-induced MC proliferation and ECM synthesis and secretion. We further show that such effects involve a positive feedback loop of TGF-β1. This work substantially expands our previous understanding of the role of Egr1 in diabetic nephropathy.
